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Plant-parasitic nematodes caused severe yield loss in major crops all over 
the world. The most wild-used strategies to combat the nematodes is the 
chamical nematicides, but the overuse of synthetic nematicides threaten 
sustainable agriculture development. Other strategies, like resistance cul-
tivars and crop rotation, have limited efficiency. Thus, the utilization of 
molecular biotechnology like RNA interference (RNAi) would be one of 
the alternative ways to enhance plant resistance against nematodes. RNAi 
has already used as a tool for gene functional analysis in a wide range of 
species, especially in the non-parasitic nematode, Caenorhabtidis elegans. 
In plant-parasitic nematodes, RNAi is induced by soaking nematodes with 
double strand RNA(dsRNA) solution mixed with neurostimulants, which 
is called in vitro RNAi delivery method. In another way around, in planta 
RNAi method, which is Host-mediated RNAi approach also showed a 
great success in conferring the resistance against root-knock nematodes. 
Two main advantages of RNAi-based transgenics are RNAi technology 
do not produce any functional foreign proteins and it target organisms in 
a sequence-specific way. Even though the development of RNAi-based 
transgenics against plant-parasitic nematodes is still in the initial phase, it 
offers the prospect into a novel nematode control strategy in the future. 
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1. Introduction 
Plant Parasitic Nematodes (PPN) are one of the sig-nificant constraints for crop production worldwide. Up to now, more than 4,100 species of PPNs have 
been recorded [24], causing about $173 billion of damage 
to world agriculture every year [14]. However, this damage 
is likely to be underestimated because many growers are 
not aware of these parasites in the soil [1]. The symptoms 
caused by PPNs are easily confused with the symptoms 
of other pathogens. Sedentary endoparasites such as root-
knot nematodes (Meloidogyne spp.) and cyst nematodes 
(Globodera and Heterodera spp.) are the most damaging 
PPNs [24]. Even though the life cycles of these nematodes 
are different from each other, both cyst nematodes and 
root-knot nematodes inject their saliva into plant cells [28]. 
The cyst nematodes withdraw nutrients through feeding 
sites called syncytia, while root-knot nematodes form 
giant cell to take nutrients from the host. After nematode 
infection, plants are slowly damaged by the interruption 
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of the water transportation and nutrients from the roots 
to the branches. In addition, the plants also become more 
susceptible to other diseases [15]. Also, migratory endopar-
asites are highly damaging as these endoparasites interact 
with other pathogens to enhance crop damage and yield 
loss [24].
Many methods can be applied to control PPNs, such 
as resistant cultivars, nematicides and crop rotation. 
However, many crops lack nematode resistance genes, 
and crop rotations are inadequate to manage PPNs while 
nematicides have adverse environmental effects [15]. Under 
the circumstances, defending the plant against the PPN 
with novel strategies such as RNA interference (RNAi) 
is necessary. RNAi refers to the phenomenon of efficient 
and specific degradation of homologous mRNA induced 
by double-stranded RNA (dsRNA). Fire et al. [18] first 
described the mechanism of RNAi using the nematode 
Caenorhabditis elegans, and a similar mechanism has 
been revealed in different species and kingdoms. If the se-
quence of the genes which are essential for PPN infection, 
feeding or reproduction is known, RNAi could be used as 
a powerful tool to enhance the resistance in plants against 
nematodes by silencing those pathogenic genes.
The objective of this paper is to review the research 
published on the use of RNAi in enhancing plant resis-
tance against Plant-Parasitic Nematodes. The first part 
of this review introduces the mechanisms of RNAi. The 
second section presents two ways of inducing RNAi, in 
vitro RNAi and in planta RNAi. In in vitro RNAi method, 
the dsRNA is delivered into worms directly, while the ds-
RNA is transferred to the plant in in planta RNAi method. 
The third section discusses the problems of enhancing the 
resistance conferred by in planta RNAi and their solution. 
In this section, the off-target effect, non-specific target 
effect and the dilemma of RNAi phenotype detection are 
discussed. This review aims to identify the prospect of 
RNAi being utilised as a powerful tool to develop trans-
genic plants against PPNs. The research papers included 
in this review are the result of a search in the online liter-
ature database at scopus.com using the keywords ‘RNAi’, 
‘nematode’, ‘resistance’, and the reference is limited to 
‘not older than 2008’.
1.1 Mechanism of RNAi
RNAi refers to the phenomenon of efficient and specific 
degradation of homologous mRNA induced by dou-
ble-stranded RNA (dsRNA). Fire et al. [18] firstly described 
this post-transcriptional silencing of endogenous genes 
in Caenorhabditis elegans. RNAi also is important in the 
immune response to foreign genetic material [49]. When an 
organism recognises dsRNA, a cascade of sequence-spe-
cific silencing processes will initiate leading to the dsRNA 
and its homologous mRNA degraded [47]. The RNAi path-
way can be considered a two-step process. Firstly the ds-
RNA would be cleaved into 21–25 nucleotide long small 
interfering RNAs (siRNAs) in the cell cytoplasm by the 
RNaseIII enzyme, Dicer. The separation of double-strand 
siRNA in the second step allows the siRNA to attach to 
the RNA-induced silencing complex (RISC). These RISC 
then target sequence-complementary mRNA molecules 
and cleave them, inducing RNA silencing [41]. Similar 
mechanisms of action appear to function in PPNs as well 
[25], so RNAi can be used to develop RNAi against PPNs.
1.2 In vitro RNAi Delivery Method
Three different methods have been successfully applied 
to introduce dsRNA into the free-living nematodes. The 
three ways are microinjection [33], feeding the nematodes 
with bacteria which contain dsRNA of the target gene [52] 
and soaking of nematodes in dsRNA solution [50]. Howev-
er, the sedentary PPNs are too small for microinjection. 
They are obligatory parasitic so that feeding with bacteria 
cannot be used to introduce dsRNA into these worms. 
The sedentary PPNs only can survive outside of their host 
plant when they are at the stage of eggs, second stage 
juveniles (J2s) and adult males. Eggs and J2s stages have 
been used for transmitting RNAi by soaking.
The most commonly used RNAi delivery way for J2s 
of PPNs is neurostimulant-mediated oral ingestion. Chem-
icals such as octopamine, serotonin and resorcinol are 
used in the solution to promote dsRNA ingestion. These 
chemicals successfully induce dsRNA ingestion in several 
species including Heterodera schachtii [53], Meloidogyne 
javanica [19] and Heterodera glycines [6]. Fluorescein 
isothiocyanate (FITC) in the solution or fluorescently-la-
belled dsRNAs have been used as a visual marker to show 
the uptake of dsRNA [12]. Although pharyngeal stimulant 
can induce ds RNA ingestion efficiently, some side effects 
have also been reported during incubation. Adam, Phil-
lips, Jones, and Blok [2] found that the death rate of Meloi-
dogyne javanica J2s would increase significantly if they 
were soaked in 0·5% or 1% resorcinol solution overnight. 
Soaking eggs in dsRNA or siRNA solution is another 
way to induce RNAi in PPNs [10]. Fanelli, Di Vito, Jones, 
and De Giorgi [16] constructed the dsRNA targeting a chi-
tin synthase which is responsible for chitin layer synthesis 
in the eggshell. After dsRNA construction, the eggs of 
Meloidogyne artiellia were soaked in dsRNA solution at 
20°C for between 24 and 72 h. This result of a reduction 
in chitin transcript illustrated that the dsRNA could go 
through the eggshells with chitin. More recently, Dalzell 
et al. [10] performed a siRNA-mediated RNA silencing in 
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Meloidogyne incognita. They silenced the nuclear RNase 
III enzyme Drosha, a key effector of miRNA production 
by soaking Meloidogyne incognita eggs in siRNA solu-
tions. The irregular growth of eggs and embryonic lethal-
ity suggested that eggshells of Meloidogyne incognita are 
permeable to siRNA. When it comes to other species of 
PPN, whether the eggs are similarly susceptible to dsRNA 
or siRNA still not clear, because the permeability of the 
PPNs eggshells would change before hatching, according 
to [23].
As migratory parasites are not obligate biotrophic, they 
can be targeted by RNAi at other stages of the life-cycle. 
Haegeman, Vanholme, and Gheysen [21] incubated different 
stages of Radopholus similis with dsRNA with a sequence 
derived from the xylanase gene. Octopamine was used in 
this research to stimulate dsRNA ingestion. A reduction in 
the transcript of the xylanase gene and reduction of infec-
tion rates were observed at the end. Cheng, Dai, Xie, and 
Xiao [9] found that 24h of incubation was necessary for in-
gestion of FITC soaked Bursaphelenchus xylophilus, but 
a pharyngeal stimulant was not required in this research. 
L2-L3 larvae of migratory parasites also can be induced 
RNAi by soaking, but intestinal microinjection of dsRNA 
into adult female is efficient as it leads to a 46% lethality 
rate in the F1 generation while soaking in dsRNA solution 
only induced 25% lethality [36].
Generally speaking, the in vitro RNAi delivery method 
could be considered efficient to manipulate PPNs patho-
genicity. However, the silencing achieved due to soaking 
in dsRNA solutions is often lacking stability. Rosso, 
Dubrana, and Cimbolini [40] accessed the duration of the 
silencing effect. They silenced the gene which encodes 
polygalacturonase (Mi-pg-1) in Meloidogyne incognita 
by in vitro RNAi technology. The suppression of Mi-pg-1 
transcription was optimal at 44 h after soaking, but this 
silencing effect cannot be detected for both at 68 h after 
soaking. Bakhetia, Urwin, and Atkinson [4] observed that 
the reduction in the transcript levels of β-1, 4-endogluca-
nase In Heterodera glycines after an incubation of 16 h 
with the corresponding dsRNA. However, after 15 days of 
dsRNA treatment, they reported that the transcript levels 
of β-1, 4-endoglucanase returned to normal. In contrast 
to in vitro RNAi technology, host delivery strategy would 
prevent gene suppression reversal because the transgenic 
plants provide continuous availability of the dsRNA to the 
nematode [54]. In addition, in vitro method only can be used 
in the lab for proof of RNAi principle and test constructs 
before transferring dsRNA into the plant. Therefore, the in 
planta RNAi method is more suitable for enhancing plants 
resistant to PPNs.
1.3 In planta RNAi Method
Host-mediated RNAi is a novel approach to confer resis-
tance against PPNs in plants. In this technology, plants are 
genetically modified to express dsRNA molecules with se-
quence derived from the target gene. RNAi constructs are 
made by cloning the sense and antisense cDNA sequences 
of the target gene. In order to initiate the expression of 
the dsRNA, a tissue-specific or constitutive promoter is 
used during vector construction. After transcription, a 
loop or hairpin structure is formed by the self-comple-
mentary sense and antisense strand. Then dsRNA with a 
loop or hairpin structure is cleaved by the plant enzyme 
called Dicer into siRNA, and the siRNA is ingested by the 
nematodes subsequently. This dsRNA can also directly be 
ingested by nematodes [13].
Using the conventional methods to develop dsRNA 
constructs for host delivered RNAi is time- consuming, so 
the Gateway cloning system, which is much easier and ef-
fective, has been employed for the development of RNAi 
constructs [35]. The Gateway cloning system uses two 
different enzyme mixtures, each of which performs a dif-
ferent type of recombination reaction [39]. The BP clonase 
enzyme mix recombines the attB sites and the attP sites, 
generating attL and attR sites. On the contrary, the LR 
clonase enzyme mixes catalysis the reverse reaction (Fig-
ure 1). 
Figure 1. The mechanism of BP reaction and LR reaction
Initially, the gene of interest is amplified by PCR using 
long-tailed primers. The 3’ part of the primers is specif-
ic for the DNA of interest, and the 5’ tail of the primers 
containing appropriate attB sites. This PCR product is 
transferred into a Donor vector. The gene of interest in 
a donor vector is available for transfer into destination 
vectors by a Gateway LR cloning reaction. The vectors 
containing the gene of interest are introduced into plants 
through Agrobacterium tumefaciens mediated transforma-
tion. With the developing of experimental techniques, the 
Gateway cloning system becomes compatible to include 
RNA interference. Rual et al. [42] reported that completed 
Caenorhabditis elegans genome sequence allows applica-
tion of high-throughput (HT) approaches for phenotypic 
analyses using RNAi, but HT-RNAi resources are limited 
by lack of flexibility. In order to overcome this disadvan-
tage, they created the complete set of ORFs in genome 
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(ORFeome) resources of the nematode Caenorhabditis 
elegans through the Gateway cloning system. Then they 
showed these ORFeome resources could be used to create 
alternative HT-RNAi resources with enhanced flexibility. 
This flexibility suggests that additional HT-RNAi librar-
ies can be generated to perform gene knockdowns under 
various conditions, which increase the possibilities for 
phenome mapping of Caenorhabditis elegans.
The genes which are targeted in the in planta RNAi 
method could be classified into three categories: effector 
genes, housekeeping genes and genes implicated in nema-
tode development or reproduction. The first demonstration 
of plant-mediated RNAi was accomplished by Yadav, 
Veluthambi, and Subramaniam [55]. The dsRNA they de-
veloped targets two housekeeping genes: an integrase 
and a splicing factor gene of Meloidogyne incognita. The 
results show a decline of more than 90% of PPN infection 
in transgenic tobacco as the expression of the targeted 
gene was repressed. Klink et al. [26] reported that four em-
bryonic lethal genes encoding ribosomal protein 3a and 4, 
spliceosomal SR protein and synaptobrevin could be used 
for PPNs control. They silenced these four genes by using 
in planta RNAi method resulting in a restriction of the 
female development of Heterodera glycines in their host. 
Another example of silencing housekeeping genes is giv-
en by J. Li, Todd, and Trick [30]. The Heterodera glycines 
Y25 gene encoding a β-subunit of the coatomer (COPI) 
complex, was used as a template to synthesise dsRNA. 
The transgenic soybean expressing RNAi constructs ef-
fectively suppressed Heterodera glycines infection and 
development. When splicing factor and integrase genes 
in Meloidogyne incognita were used for RNA interfer-
ence in Arabidopsis thaliana, a dramatic decrease in the 
number of galls, females and egg masses was observed by 
Kumar et al. [27]. Based on the examples mentioned above, 
housekeeping genes could be considered as a good choice 
for RNAi targeting. Before the development of dsRNA 
targeting housekeeping genes, a risk assessment is always 
needed because most of these genes are highly conserved 
across different species and the dsRNA constructs could 
have non-specific effects on host plants or other beneficial 
species [46].
Some literature indicates that nematode effector genes 
can also confer resistance against PPNs when targeted 
by host-mediated RNAi. Dinh, Brown, and Elling [11] 
constructed dsRNA molecules which are complementary 
to the effector gene, Mc16D10L, and these dsRNA mol-
ecules were transferred into three potato cultivars. The 
number of Meloidogyne chitwoodi eggs and egg masses in 
transgenic potato was reduced by up to 68% compared to 
empty vector control plants. Recently, Niu et al. [34] found 
that the effector gene MiMSP40 of Meloidogyne incognita 
could downregulate plant immunity to help parasitism. 
Overexpression of MiMSP40 makes Arabidopsis more 
susceptible, but in planta RNAi targeting against this gene 
caused a reduction in parasitism in Arabidopsis. Similar-
ly, Zhuo et al. [56] reported that overexpression of effector 
gene MeTCTP in Meloidogyne enterolobii promotes infec-
tion, but host generated RNAi aiming at MeTCTP resulted 
in less parasitism.
The genes involved in nematode development and 
reproduction are also used to inhibiting the growth and 
reproductive nematodes. In the case of cyst nematodes, si-
lencing the major sperm protein (MSP) by RNAi leads to 
a 68% reduction in the number of eggs [48]. The impaired 
fecundity of Heterodera glycines carried over to the next 
generation of nematodes regarding the ability to reproduce 
declined in their progenies. Two genes from Meloidogyne 
incognita, a dual oxidase gene and signal peptidase gene, 
were revealed to be of relevance to the development and 
reproduction of root-knot nematode [8]. Silencing of these 
two genes led to more than 50% reduction in nematode 
numbers in the roots and diapause of the egg-producing 
female. Antonino et al. [3] found that serine protease in 
Meloidogyne incognita is relevant to root-knot nematode 
reproduction. In their study, they knocked-down serine 
protease gene Mi-ser-1 by RNAi. Nematodes that infected 
modified tobacco produced fewer eggs, and the progeny 
of nematodes matured in these plants has a declined suc-
cess in egg hatching. This result indicated that serine pro-
tease is involved in different processes during nematode 
development, like reproduction and embryogenesis. 
2. The Problems of Enhancing the Resistance 
by RNAi and Their Solution
2.1 Off-target Effects and Their Solution
RNAi has emerged as a potent and successful technology 
for crop protection in recent years, but there remain cer-
tain limitations that need to be addressed before adopting 
this technology in the field. One major concern regarding 
the employment of RNAi-based nematode management 
strategy is the potential for off-target effects. Non-target 
genes with similar sequence to the target gene are like-
ly to be silenced by mRNA degradation or translational 
repression as the basis of RNAi is sequence identity [32]. 
J. F. Rual, Klitgord, and Achaz [43] reported that when an 
mRNA shares more than 95% identity over 40 nucleotides 
with the dsRNA in nematode Caenorhabditis elegans, the 
off-target effects will happen.
Due to the issues of off-target effects, more emphasis 
should be put on avoiding the off-target effects when 
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RNAi is employed as a novel method in PPNs manage-
ment. Some strategies could be used to prevent off-target 
effects. Recently Banerjee, Gill, Jain, and Sirohi [7] report-
ed that using a database for in silico homology searches 
to identify off-target sequences is efficient in avoiding 
off-target effects. Thorat [51] used nematode-induced pro-
moter and root-specific promoter of Arabidopsis thaliana 
to transform tomato with GUS gene. Then they observed a 
strong expression of the GUS gene in the nematode infec-
tion sites. Therefore the root-specific promoters and nem-
atode inducible promoters could be used to prevent RNAi 
in the non-target parts of the plant. In addition, sequences 
of the 5’-untranslated region (5’-UTR) and the 3’-untrans-
lated region (3’-UTR) also could be used as RNAi targets 
to reduce off-target effects because they are less conserved 
than coding regions [20].
2.2 The confirmation of RNAi effectiveness
Even though several studies reported the success of RNAi 
phenotype detection, it is still difficult to determine if 
RNAi results in the phenotype or not [45]. Most commonly, 
detection of the RNAi phenotype is based on the number 
of nematodes which establish an infection successfully, 
the fecundity of females or the ratio of males to females 
in cyst nematodes. However, under some unfavourable 
conditions such as insufficient nutrition, the process of 
establishing a feeding site is slower (Lilley, Atkinson, & 
Urwin, 2005). RNAi targeting the genes which express 
in pharyngeal gland cells of Heterodera glycines would 
lead to more males [5]. Because the number of phenotypes 
which can be observed is easily affected by other factors, 
some phenotypes changes would not be appeared or over-
served [31].   
RT-PCR has been used to overcome the difficulties of 
RNAi phenotyping. This method would reveal a decline in 
transcript level of the target gene. Patel et al. [37] reported 
that the presence of dsRNA could be detected by RT-PCR 
of the intron or spacer region of the hairpin construct. 
Other studies have used RT-PCR to illustrate the decline 
of control gene transcripts in dsRNA expressing plants [22]. 
However, this method may not be the suitable for confir-
mation of RNAi effectiveness, because RT-PCR has not 
always detected the down-regulation of the target gene 
despite observing an RNAi phenotype in the nematodes [36].
2.3 Conclusion and Future Prospects 
RNAi was used as a successful technology for enhancing 
crops resistance to different pathogens in recent years, but 
there remain some limitations that impede the commer-
cialisation of RNAi-modified plants. Usually, RNAi-mod-
ified crops are only resistant to one nematode species 
because of the high specificity level of dsRNA or siRNA. 
However, plants are infected with multiple species of PPN 
in soils [17]. In the meantime, the public suspicions on bio-
safety aspects of RNAi-based GM plants have widespread 
even though the risk assessment of GM crops is obligating 
before releasing them to market. Many people think the 
risk assessment of commercialised GM plants is not suit-
able for RNAi-based GM plants, because the current risk 
assessment does not include the identification of potential 
off-target effects. These problems remind us that we still 
have a way to go in the future due to the acceptance of 
that technology by the general public
Hopefully, the rapid growth of RNAi research will help 
to increase public trust in this technology. Development 
genome databases of related species and the stacking of 
dsRNA sequences to target multiple genes would con-
tribute to effective nematode control [28]. Use of nema-
tode-induced promoters and plant tissue-specific promot-
ers would limit dsRNA gene expression to specific plant 
tissue in response to the particular nematode [44]. More 
efficient algorithmic programs facilitate more reliable risk 
assessment of RNAi-based GM plants [38]. 
In conclusion, some problems and limitation have to be 
taken into consideration in order to ensure RNAi success-
ful and safe application. Nevertheless, RNAi surely will 
become a powerful strategy to control multiple pest and 
pathogens as we are moving toward the goal of sustain-
able development.
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